"The reverse urea effect"
Haemodialysis rapidly removes small solutes such as urea, particularly in patients who have marked uraemia. Urea is generally considered an "ineffective" osmole, because of its ability to permeate cell membranes. However, this ability to cross the cell membrane may take several hours to reach completion. This "lag period" may be particularly relevant in the brain where the blood-brain barrier may contribute to a plasma-brain urea concentration gradient. As a result, urea transiently acts as an effective osmole, promoting water movement into the brain. In addition, the reduction in BUN lowers the plasma osmolality, thereby creating a transient osmotic gradient that promotes water movement into the cells. In the brain, this water shift across the blood-brain-barrier produces cerebral oedema and a variable degree of acute neurological dysfunction depending on the severity and speed of BUN reduction (Silver et al., 1996) . The extracellular volume depletion associated with aggressive dialysis and consequent cerebral hypoperfusion may exacerbate the patient's clinical status. Absolute increases in brain water content have been demonstrated in a rat model of uraemia undergoing rapid haemodialysis that was accounted for by an increase in the ratio of brain to plasma urea (Silver et al., 1992; Silver, 1995) . Downregulation of central nervous system urea transporters have also been proposed as a mechanism contributing to the delay in urea clearance from the brain, although there has been little additional evidence to confirm this theory (Hu et al., 2000) .
Intracerebral acidosis
A number of reports suggest that the "reverse urea effect" cannot solely account for the development of cerebral oedema in DDS since urea movement out of the brain is sufficiently rapid to prevent a large osmotic gradient developing between the brain and extracellular fluid (Arieff et al, 1973) . The rate of removal of urea from brain closely parallels its rate of removal from plasma, but the clearance of urea from the cerebrospinal fluid (CSF) is delayed (Arieff, 1989) . Studies in dialysis patients have shown that there is often a substantial rise in the P CO2 of lumbar CSF, with a concomitant fall in its pH during haemodialysis (Arieff et al., 1973; Fraser & Arieff, 1988) . Studies in uraemic dogs treated with rapid haemodialysis have shown that, despite a rise in the pH of arterial blood, the pH of the CSF fell. It has been found in animal models that the decrement in the pH of the CSF is associated with a concomitant decline in the pH of the brain, and this finding is probably a factor in the pathogenesis of the DDS (Areiff et al., 1976) . This decrease in cerebral intracellular pH, resulting in the displacement of bound sodium and potassium by the excess hydrogen ions can increase intracellular osmolality and promote water movement into the brain. An additional contributing factor to the intracerebral acidosis mechanism is the idiogenic osmole principle proposed by Arieff (1973) . The increased osmolality of the extracellular fluid in uraemia may induce an adaptive accumulation of intracellular organic osmolytes to limit cerebral cell dehydration (Arieff et al., 1973) . During haemodialysis, retention of these organic osmolytes contributes to a paradoxical reduction in intracellular pH resulting in increased brain osmolality and cerebral oedema (Arieff et al., 1976; Trachtman et al., 1993) . These brain organic osmolytes may include glutamine, glutamate, taurine, and myoinositol. However, an increase in brain organic osmolytes has not been confirmed in all studies. A fall in the pH of CSF may contribute to a depression of the sensorium, and intracellular acidosis of brain cells could result in a rise of brain intracellular osmolality. Such an increase of osmolality could lead to cytotoxic oedema. The resulting cerebral oedema may be related to a decrease in intracellular pH of the cerbral cortex, probably as a consequence of an increase in intracellular organic acids.
Dialysis disequilibrium syndrome-induced interstitial oedema
The advent of magnetic resonance imaging (MRI), in particular diffusion-weighted imaging (DWI), has increased physicians' ability to evaluate brain water content. The apparent diffusion coefficient (ADC) measured by DWI, is sensitive in detecting dynamic changes in tissue water. This technique is useful in identifying neurological disorders where there is a derangement in the brain water dynamics e.g. stroke (Warach et al., 1995) and has recently been proposed as a useful investigation in patients with suspected DDS (Chen et al., 2007) . In this study, the authors found that haemodialysis increased the ADC values of brain water, especially in white matter, indicating that interstitial oedema rather than cytotoxic oedema is more important in the pathogenesis of DDS-related brain oedema. Foci of bright areas of white matter were found in all patients on T2-weighted images. The ADC values in white and gray matter in ESRD patients before and after haemodialysis, were significantly greater than those of the healthy controls (p<0.005). Regarding the impact of haemodialysis, the ADC of frontal lobe white matter increased significantly after haemodialysis (p=0.036). The authors concluded that because ADC is an indicator of interstitial as opposed to cytotoxic oedema, that DDS is a manifestation of an increase in interstitial fluid compartment, especially after first haemodialysis. Other contributing factors may include uraemic toxin-associated dysfunction of the blood-brain barrier in patients with ESRD before their first haemodialysis (Jeppsson et al., 1982) . Hypertension is also prevalent in patients with ESRD at the initiation of long-term dialysis therapy, which may accelerate atherosclerosis and cause damage to cerebral vasculature in patients with ESRD, leading to the increase of the ADC (Goksan, et al., 2004) .
Evaluation of patients with suspected DDS
Dialysis disequilibrium syndrome should be a diagnosis of exclusion in haemodialysis patients who develop new-onset neurological symptoms. Important differential diagnoses include uraemic encephalopathy, subdural haematoma, metabolic disturbances (hyponatraemia, hypoglycaemia), and drug-induced encephalopathy. Indeed, drug accumulation resulting in neurotoxicity may be a problem with drugs that are normally excreted by the kidney. Even in complex cases however, a detailed clinical evaluation coupled with relevant investigations will usually help to make the diagnosis of DDS.
Symptoms and signs
The classical DDS refers to acute symptoms developing during or immediately after haemodialysis. Early findings include headache, nausea, disorientation, restlessness, blurred vision, and asterixis. These and other vague symptoms such as muscle cramps, anorexia, and dizziness developing near the end of a dialysis treatment are also part of this syndrome.
Papilloedema has also been reported to be associated with DDS and this can be a useful clinical sign in confirming the presence of raised intracranial pressure (Im et al., 2007) . More severely affected patients may develop confusion, seizures, coma, and even death, although with greater awareness of DDS, these extreme cases are now very rare.
Radiographic evaluation
With the greater availability of computed tomography (CT) and magnetic resonance imaging (MRI) scanners, haemodialysis patients with new-onset neurological symptoms can readily undergo brain imaging to exclude a structural cause of their symptoms. Furthermore, with the technical advances in MR imaging, patients with suspected DDS can be imaged for brain water content using DWI sequences (Walters et al., 2001) . As mentioned previously, an increase in ADC values have been reported in patients undergoing first-time haemodialysis in keeping with the associated increase in interstitial fluid water content (Chen et al., 2007) . However, it is important to bear in mind that longstanding silent cerebral white matter lesions are present in up to one third of patients with chronic renal disease (Martinez-Vea et al., 2006) . These lesions may be related to vascular risk factors, particularly hypertension, and reflect ischaemic brain damage caused by generalized vascular damage (Chen et al., 2007) .
Electroencephalography
It appears that modern methods of dialysis have altered the clinical features of the DDS. Most of the seizures, coma and deaths related to DDS were reported before 1970, whereas the symptoms frequently reported since then are generally mild, consisting of headache, nausea, fatigue, weakness and muscle cramping ( (Harris & Townsend, 1989) . As a consequence, although the use of electroencephalography (EEG) has decreased significantly in the investigation and monitoring of DDS patients, it may occasionally be required in the evaluation of some patients. The EEG recording typically consists of bilateral bursts of high-voltage rhythmic delta waves and occasional spike and wave patterns on a high-voltage dysrhythmic background (Kennedy, 1970) . In addition to the initial diagnostic applications, EEG has been used to monitor the effects of changing the dialysis fluid constituents (e.g. acetate versus bicarbonate). Neyer et al (1983) observed EEG changes more frequently in the acetate dialysis group compared with the bicarbonate group. Although values for serum urea, osmolarity and sodium was similar in both groups, correction in metabolic acidosis varied. After acetate haemodialysis, a negative base excess and fall in PaCO2 was observed while in the bicarbonate group, the PaCO 2 rose and the base excess was positive. This report indicated the importance of the biochemical composition in haemodialysis fluid and in general, bicarbonate-based dialysate fluid has substituted acetate-based solutions. With the improvements in brain imaging, and less frequent severe cases of DDS, EEG has become less frequently used investigation for DDS-suspected cases.
Intracranial pressure monitoring
Although brain imaging has improved with more advanced MR sequences, the detection of DDS in patients with a coexistent disorder of the central nervous system can be problematic. In such cases DDS may be a contributing factor to the clinical features and may contribute to an elevation of intracranial pressure. In such cases, in particular neurosurgical patients (e.g. head trauma, intracranial haemorrhage, suspected shunt malfunction) intracranial pressure (ICP) monitoring can be a useful diagnostic and monitoring adjunct. The intracranial pressure of patients suspected of DDS, has been shown to rise almost immediately after the initiation of haemodialysis (Yoshida et al., 1987) and reach maximal values approximately two hours later (Fig. 1) . Maximal recordings greater than 50 mmHg are possible (Flannery et al., 2008) indicating that increased ICP during haemodialysis may be extreme and potentially harmful. Fig. 1 . A typical ICP recording obtained before, during, and at the end of Haemodialysis. (taken with permission from "Dialysis disequilibrium syndrome: a consideration in patients with hydrocephalus", Journal of Neurosurgery Paediatrics 2008; 2: 143-145).The ICP recording can be seen to rise shortly after commencement of dialysis (less than one hour) and return to normal fairly soon after dialysis was completed.
Treatment of DDS
The management of DDS can be categorized into preventive and therapeutic measures.
Prevention of DDS
Prevention is the mainstay of therapy in the DDS, particularly in first-time haemodialysis patients who are at greatest risk. Consequently, the mode of dialysis is important in reducing the likelihood of DDS. In general, DDS is seen less frequently with nonhaemodialysis modalities such as continuous ambulatory peritoneal dialysis (Bertrand et al., 1983; Dettori et al., 1982) . Unfortunately, in some cases these alternative modes of dialysis may not be suitable e.g. peritoneal adhesions, patient intolerance, etc. Where haemodialysis is the only suitable option, a number of precautions can be taken to facilitate a gradual reduction in BUN and minimize the risk of DDS. These include intermittent haemodialysis using less efficient dialyzers with a smaller surface area and by reducing the duration and blood flow rate of dialysis (Bagshaw et al., 2004) . It is also important to ensure that chronic dialysis patients do not undergo a sudden change in their dialysis regime perhaps implemented by a change in personal circumstances e.g. moving to a new dialysis unit (Flannery et al., 2008) .
Treatment of DDS symptoms
Aside from measures to optimise dialysis parameters and minimizing the risk of DDS, the primary objective of DDS treatment is the reduction of raised intracranial pressure. Symptoms of DDS, in particular the milder symptoms, are generally self-limited and usually dissipate within several hours. However, the initial reports of DDS often contained cases of severe morbidity and even mortality. It is from these early reports that much of our knowledge of management of DDS symptoms arises (Port et al, 1973; Arieff et al, 1978; Harris & Townsend, 1989) . Early studies indicated that DDS was successfully treated by the addition of either hyperosmotic or hyperoncotic solute (glucose, glycerol, albumin, urea, fructose, sodium chloride, mannitol) to the dialysate or by the substitution of sodium bicarbonate for sodium lactate (or acetate) in the dialysate (Port et al., 1973; Pagel et al., 1982; Rodrigo et al., 1977; Arieff et al., 1973; Fraser & Arieff, 1988) . The purpose of such manoeuvres was to minimize rapid alterations in the plasma osmolality or bicarbonate during dialysis. In uraemic animals undergoing rapid haemodialysis, the addition of glycerol or mannitol to the dialysate prevented many of the manifestations of experimental DDS. Studies on uraemic patients undergoing haemodialysis with glycerol or mannitol added to the dialysate suggest that these agents lessen the symptoms that may be associated with DDS. The substitution of bicarbonate for acetate or lactate in the dialysate appears to diminish cardiovascular instability and may prove useful in decreasing the symptoms of DDS in some patients (Arieff, 1989) . Intravenous mannitol may be given to elevate the plasma osmolality if ICP is increased and is a safe and effective clinical method for preventing ICP increase (Kennedy, 1970; Rodrigo et al., 1977) . In the event of persistently elevated ICP in spite of medical measures, Yoshida et al report ventricular drainage as a relatively safe and effective surgical method of preventing irreversible brain herniation and death. The authors also proposed that a ventricular catheter allows for serial CSF sampling to monitor osmolality and urea concentration in complex cases to optimise dialysis parameters (Yoshida et al., 1987) . Although seizures are much less frequently observed compared with earlier reports, it may be necessary in some cases to administer prophylactic anti-epileptic medication to high-risk cases. A typical regimen might be a loading dose of 1000 mg Phenytoin followed by 300 mg daily until uraemia has been controlled. Severe DDS with seizures can also be rapidly reversed by raising the plasma osmolality with either hypertonic saline or mannitol. However, caution needs to be exercised in the selection of appropriate anti-epileptic medication as some are primarily excreted by the renal route.
Other neurological sequelae of haemodialysis
Dialysis disequilibrium syndrome is essentially a diagnosis of exclusion and dialysis patients presenting with neurological symptoms should be evaluated to exclude another pathological process. These disorders may require additional modes of treatment.
Subdural haematoma
Subdural haematomas have been reported in 1.0 to 3.3% of patients undergoing haemodialysis. Contributory factors are coagulation problems associated with the uraemic state, and the use of anticoagulants for dialysis (Rashkin & Fishman, 1976) . There is often no preceding history of trauma. The clinical manifestations are variable and can resemble those of DDS. Up to 20% of subdural haematomas are bilateral and may cause gait disturbance predisposing patients to falls and head trauma. Cases with associated mass effect may require neurosurgical intervention following the reversal of anti-coagulant medication.
Wernicke's encephalopathy
Although thiamine is a water-soluble vitamin, and might be therefore expected to cross the dialysis membrane with ease, there have been only a few reports of Wernicke's encephalopathy in patients undergoing longterm dialysis (Burn & Bates, 1998) . The deficiency state is likely to develop due to a combination of factors including chronic malnourishment due to anorexia, a genetic predisposition and the use of glucose containing intravenous fluids. It should also be noted that classic features of Wernicke's encephalopathy e.g. opthalmoplegia, may be absent in dialysis patients (Jagadha et al., 1987) .
Dialysis dementia
Dialysis dementia was first documented by Alfrey et al (1972) , and typically the disorder is progressive unless treated. Dialysis dementia may be part of a multisystem disorder which includes vitamin D resistant osteomalacia, proximal myopathy, and iron deficient microcytic, hypochromic anaemia (Burn & Bates, 1998) . A mixed dysarthria and dysphasia with dysgraphia has been reported as one of the earliest signs of dialysis dementia in up to 95% of cases. The patient may initially have a stuttering, hesitant speech, which only occurs during and immediately after dialysis. Initially the patient may also be more apathetic and become depressed. As the disorder progresses, language function becomes more severely and persistently involved (Burn & Bates, 1989) . Convulsions develop in up to 60% in the later stages, and psychosis with hallucinations and paranoid delusions may be prominent. Frank dementia becomes obvious in over 95% of patients with patients becoming immobile and mute in the preterminal stages (Chokroverty et al., 1976) .
Conclusions
Although severe DDS is less common than initial reports due to improvements in modes of dialysis, milder forms of DDS may go unnoticed by the clinician. It is important to be aware of this diagnosis, particularly in high-risk groups, with the aim of prevention and early detection to limit the potentially more serious consequences of DDS.
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